Abstract: Non-invasive reflectance imaging of the human RPE cell mosaic is demonstrated using a modified confocal adaptive optics scanning light ophthalmoscope (AOSLO). The confocal circular aperture in front of the imaging detector was replaced with a combination of a circular aperture 4 to 16 Airy disks in diameter and an opaque filament, 1 or 3 Airy disks thick. This arrangement reveals the RPE cell mosaic by dramatically attenuating the light backscattered by the photoreceptors. The RPE cell mosaic was visualized in all 7 recruited subjects at multiple retinal locations with varying degrees of contrast and cross-talk from the photoreceptors. Various experimental settings were explored for improving the visualization of the RPE cell boundaries including: pinhole diameter, filament thickness, illumination and imaging pupil apodization, unmatched imaging and illumination focus, wavelength and polarization. None of these offered an obvious path for enhancing image contrast. The demonstrated implementation of dark-field AOSLO imaging using 790 nm light requires low light exposures relative to light safety standards and it is more comfortable for the subject than the traditional autofluorescence RPE imaging with visible light. Both these factors make RPE dark-field imaging appealing for studying mechanisms of eye disease, as well as a clinical tool for screening and monitoring disease progression. Interrelationship in the human eye," Arch. Ophthalmol. 84(6), 810-819 (1970 1659-1694 (1985). 3. R. H. Steinberg, "Interactions between the retinal pigment epithelium and the neural retina," Doc. Ophthalmol. 60(4), 327-346 (1985). 1691-1699 (1989).
Introduction
The retinal pigment epithelium (RPE) lies directly posterior to the photoreceptor layer, with apical processes enveloping the outer segments of rods and cones [1] . This proximity allows the RPE to phagocytize the photoreceptor outer segments, and assist in the turnover of visual pigments [2] . This homeostatic role of the RPE is essential to normal health [3] , and diseased RPE has been implicated in the pathogenesis of age-related macular degeneration [4] , diabetic retinopathy [5] , Stargardt's disease [6] , Best's disease [7] , Leber's congenital amaurosis [8] and retinitis pigmentosa [9] . Currently, in order to evaluate the health of the RPE in vivo, the autofluorescence of the fundus is imaged using visible or near-infrared light, with hyper, or hypo-fluorescence revealing areas of disease and/or cell loss [10] [11] [12] . In addition, spectral domain optical coherence tomographs (SD-OCTs) can resolve two highly reflective layers believed to contain contributions from RPE cells [13] . Breaks in these reflective layers are typically interpreted as areas of RPE loss [14] . Recent work suggests, however, that individual RPE cell loss and dysmorphology are early biomarkers of disease [4] . Neither conventional wide-field fundus autofluorescence nor SD-OCT can evaluate structural changes at the cellular scale, and hence the need for higher spatial resolution imaging techniques. The use of adaptive optics scanning light ophthalmoscopes (AOSLOs), has allowed in vivo imaging of individual RPE cells in non-human primates and human volunteers using the intrinsic fluorescence of the lipofuscin, allowing for analyses previously possible only with histology [15, 16] . Despite this advance, the use of AOSLO for imaging RPE has remained limited both due to light safety concerns [17] [18] [19] [20] and subject discomfort. Confocal reflectance AOSLO imaging has also revealed the RPE mosaic using near infrared light, in conditions where the photoreceptors are diseased or displaced from the RPE due to fluid [21] .
The motivation for this work was to develop a method for visualizing the RPE cell mosaic non-invasively with better light safety than that of autofluorescence imaging. In what follows, we show experimental evidence that this can be achieved in subjects with normal retinal architecture with moderate success, using near-infrared light in a modified AOSLO. The AOSLO was converted for RPE imaging by replacing the confocal aperture with a spatial filter inspired by the work of Webb et al. [22] and others [23] [24] [25] [26] . The proposed spatial filter blocks the confocal signal, preferentially attenuating light back-scattered by the photoreceptors, while passing the light multiply-scattered by the RPE cells, thus revealing their structure. Various imaging parameters including: pinhole diameter, filter thickness, illumination and imaging pupil apodization, unmatched imaging and illumination focus, wavelength and polarization, were varied in order to improve the visualization of the RPE cell boundaries. This dark-field imaging technique [27] is validated against AOSLO autofluorescence in a subject free from eye disease, as well as confocal AOSLO reflectance in a subject with central serous retinopathy.
Methods

Human Subjects
Research procedures followed the tenets of the Declaration of Helsinki and informed written consent was obtained from all subjects. The study protocol was approved by the institutional review board of the Medical College of Wisconsin. Seven normal volunteers were recruited for the study, aged 19-40 years. One 65 years old subject (DW_1188) diagnosed with central serous retinopathy was recruited for validation of the dark-field visualization of the RPE mosaic. Axial length measurements were obtained on all subjects (Zeiss IOL Master; Carl Zeiss Meditec, Dublin, CA, USA) in order to determine the scale (in microns per pixel) of each retinal image. Prior to retinal imaging, the eye was dilated and cycloplegia was induced through topical application of phenylephrine hydrochloride (2.5%) and tropicamide (1%).
Spectral-Domain Optical Coherence Tomography
SD-OCT volumetric and line scan images were acquired (Bioptigen, Research Triangle Park, NC, USA) at regions of planned AO imaging and averaged as previously described [28] . A 3×3 mm macular volume scan was manually registered and used to create an en face view of the choroid of subject AD_1025.
AOSLO reflectance imaging
A custom AOSLO [29] was used for this study. The detection path was modified by replacing the confocal aperture (Fig. 1A) in the image plane in front of the detector, with a larger aperture and a centered filament. Pinholes with 4, 8, 12 and 16 Airy disk diameters (ADD) and filaments 1 and 3 ADD thick were evaluated to enhance RPE signal relative to that of the photoreceptors. The filament was always aligned to maximally block the directly backscattered light (confocal signal) from a model eye. This is a dark-field configuration [27] , in which we believe the source of image contrast is multiple scattering. To further explore the attenuation of photoreceptor signal, we tested apodizing masks with annular binary transmission in the pupil of the illumination and/or imaging paths [30] in subject JC_0616 to take advantage of the Stiles-Crawford effect [31] . Three additional experiments were performed in an attempt to improve the resolution and contrast of the RPE: 1) changing the focus of the illumination while keeping the imaging channel focused on the RPE; 2) filter the detected light with a linear polarizer placed in the detector's pupil plane; and 3) use different wavelengths for illumination (680 and 790 nm). The imaging light sources were either a 790 nm super-luminescent diode (Superlum, Carrigtwohill, Co. Cork, Ireland) or a super-continuum light source (NKT photonics, Denmark) with a tunable band-pass filter (NKT Photonics, Birkerød, Denmark) centered either at 565 or 680 nm, with a 10 nm bandwidth. The wavefront sensing source was an 850 nm super-luminescent diode (Superlum). Incident powers for these light sources were 70, 60 and 17 μW respectively, measured at the cornea. The combined light exposure of all three sources was kept a minimum of 5 times below the maximum permissible exposure set forth by the ANSI Z136.1 [17, 18] . Image sequences of 150 frames were collected and processed to remove the warp due to the sinusoidal motion of the horizontal scanner. Those images were then registered, and the 50 images with highest normalized cross-correlation relative to a userselected reference frame were averaged to improve signal-to-noise ratio [32] .
Image sequences were collected at the center of the macula and 10° visual angle lateral (temporal) to fixation using either a 1.00 or 1.75° square field of view. These locations were chosen to represent cone and rod dominated areas, respectively. First, confocal images of the photoreceptor layer (PRL) were collected, using a 1 ADD pinhole and no filament. This was followed by collection of dark-field image sequences at the same retinal location at multiple foci using various pinholes and/or filaments. The time required to exchange and center apertures and filaments was approximately five minutes.
One of the most abundant features in the dark-field RPE images is bright spots which could be confused with photoreceptors. In order to study the relative position of these spots in the dark-field images relative to those of photoreceptors in confocal images, a 45:55% splitting ratio pellicle beam splitter (Thorlabs Inc., Newton, NJ, USA) was used during one imaging session to simultaneously record confocal and dark-field images in perfect registration. Both signals were collected using Hamamatsu H7422-50 photomultiplier modules (Hamamatsu Corporation, Bridgewater, NJ, USA).
AOSLO autofluorescence imaging
The visible channel of the AOSLO was used in subject AD_1025 to record visible RPE (lipofuscin) autofluorescence images in order to validate the dark-field RPE images. The lipofuscin autofluorescence was excited with the supercontinuum light source with the tunable filter reconfigured to provide 60 μW of corneal incident power at 565±5 nm for excitation. 
Image analysis
The photoreceptor and RPE mosaic images were analyzed in two ways. First, the radial average of the power spectrum was calculated for all images, with local maxima indicating the spatial frequency that corresponds to cell spacing [33] . Next a subset of the images were chosen for semi-automatic cell identification using custom Matlab software (The Mathworks Inc, Natick, MA, USA) based on the algorithm of Li and Roorda [34] . The cell coordinates were also used to create Voronoi cell maps [35] and to estimate nearest neighbor distances.
Point spread function imaging
In order to measure the spatial extent of the dark-field and confocal signals, the point spread function (PSF) of subject JC_0616 was imaged near fixation using a Qicam camera (Qimaging, Surrey, BC, Canada) focused on the confocal aperture plane. The in vivo PSFs were recorded at the best focus for dark-field RPE with an exposure equivalent to one AOSLO frame (62.5 ms). After acquisition, 10 PSFs were averaged without registration.
Results
Dark-field RPE images
The dark-field aperture blocks the confocal signal from the retinal layer that is in focus. When focused onto the photoreceptors layer (inner/outer segment), this results in a dramatic attenuation of their signal, thus revealing the RPE mosaic behind, as illustrated in Fig. 2 and Fig. 3 . The panels in these figures show the photoreceptor mosaic as seen with confocal detection and the RPE seen with dark-field detection at the center of the macula (fixation) and 10° temporal to fixation. Similar to what is found in AOSLO autofluorescence images the RPE cells appear bright at the border and dark at their center. The best contrast in the RPE images was consistently obtained at the best confocal imaging focus for the photoreceptor mosaic for all volunteers, to within 0.025 diopters. Fig. 3 . AOSLO confocal (left) and dark-field (right) retinal images in four different subjects, all collected at 10° temporal to fixation. The confocal images show the cone and rod photoreceptor mosaic, while the dark-field images show the hexagonal RPE cell mosaic with significant cross-talk from the photoreceptor mosaic. The scale bar is 100 μm across.
All dark-field images show a mottled background consisting of dark and light patches many cell widths across. An en face view of the choroid at the same retinal location using a volume projection from a manually segmented SD-OCT data cube (shown in Fig. 4 ) shows reasonable correspondence with the pattern observed in the dark-field image. This supports the hypothesis that a significant fraction of the light captured by the detector in this technique has been reflected by the choroid, as proposed by Webb et al. [22] . One of the most noticeable features in the AOSLO dark-field image presented in this work are the bright dots with sizes comparable to that of the rod and cone photoreceptors [36] . Confocal and dark-field images were collected simultaneously and in perfect registration, in order to investigate the correspondence between the bright spots in both images (see Fig. 5 ). The resulting images indicate that not all bright dots in the RPE images correspond to a cone photoreceptor, instead the locations corresponding to cones could appear as both well-defined bright or dark spots. Automated identification of 5616 cones and comparison against the image intensity at the same locations in the RPE images show a poor cross-correlation coefficient (0.40).
Most RPE cells could be manually identified at center of fixation in all volunteers (Fig. 2) , while at 10° temporal to fixation this is a much harder task, and often not possible (Fig. 3) . Although a full cell count could not be achieved with confidence in any of the images, automatic estimation of cell spacing using the radial average of the image power spectrum showed good correspondence to manual measurements. The average nearest neighbor distance across all 7 subjects of 10.7±0.9 μm (± standard deviation) at the center of fixation, and 13.4±0.6 μm at 10° temporal to fixation, in good agreement with histologic [37] and in vivo studies [16] . A similar measurement derived from direct cone photoreceptor counting yielded 3.4±0.4 μm and 9.4±1.1 μm, respectively. 
Dark-field filter obscuration and pinhole dimensions
In an attempt to attenuate the low spatial frequency pattern affecting the RPE dark-field images, 4, 8, 12 and 16 ADD diameter pinholes were tested by collecting images in the same subject at the same retinal location and focus. The resulting images (Fig. 6) show similar contrast and structures when using 8, 12 and 16 ADD pinholes. Images collected using a 4 ADD diameter pinhole, however, were consistently worse in that high spatial frequency structures make it more difficult to visualize the RPE mosaic.
The other key parameter of the dark-field filter is the diameter of the filament used to block the confocal signal. Comparison of dark-field AOSLO images using a 1 and 3 ADD filament consistently showed that both filament widths provide comparable visualization of the RPE mosaic (see Fig. 7 ).
An additional experiment was performed to try to gain some understanding of the spatial extent of the RPE dark-field signal, by recording long exposure PSF images at the AOSLO detector's image plane (subject JC_0616). Fig. 8 shows one of those images, the radial average and the radial sum (integrated along the azimuthal coordinate). These curves are compared against a diffraction-limited PSF assuming a single, infinitesimally thin retinal reflecting layer. This is not the case in practice, even at the foveal center where the reflection from the nerve fiber layer is negligible relative to contributions of the photoreceptor and RPE layers. Therefore, due to the at least two distinct reflective layers (photoreceptors and RPE) a wider-than-theoretical PSF should be expected, as the PSFs originating at each layer are slightly defocused relative to each other. The experimental PSFs, collected at the foveal center (fixation) show, as expected, a significant portion of the energy outside the extent of the central lobe of the theoretical PSF (Airy disk). Interestingly, there are no obvious boundaries indicating the extent of the confocal or the dark-field RPE signals, neither in the radial average, nor in the radial sum of the experimental PSF. 
Dark-field imaging with visible and near infrared light
RPE images were collected at multiple retinal locations using 680 and 790 nm light to investigate the effect of wavelength on AOSLO dark-field contrast. The 680 nm images appear slightly blurrier, with the low spatial frequency choroidal features enhanced, as seen in Fig. 9 . Both these factors make the identification of individual RPE more difficult when imaging with the shorter wavelength. Fig. 9 . Dark-field AOSLO images of the RPE mosaic at the center of fixation of volunteer JC_0616, using a 16 ADD diameter pinhole, 1 ADD thick filament and 790 nm (A) and 680nm (B) light. The scale bar is 100 μm across.
Apodization of entrance and/or exit pupils
In an attempt to further attenuate the cone photoreceptor reflectance signal in the dark-field images, a centered 3 mm diameter circular block was used in either the illumination or detection pupil planes [30] . The resulting images, shown in Fig. 10 , show that apodization of the imaging pupil produced a comparable image, which was slightly grainier due to the lower signal. Apodization of the illumination pupil, on the other hand, completely degraded the view of the RPE mosaic. Fig. 10 . Effect of pupil apodization on image quality and contrast at 10° temporal to fixation in volunteer JC_0616 using 790 nm illumination, 16 ADD pinhole, 1 ADD filament (A) and with a centered 3 mm diameter circular block in the imaging (B) or the illumination paths (C). The scale bar is 100 μm across.
Validation of AOSLO dark-field RPE images
The AOSLO dark-field RPE imaging was validated using RPE autofluorescence AOSLO imaging. Images were recorded at the same retinal locations with both techniques in a subject with no eye disease. Ignoring the low spatial frequency structures from the choroid and the shadows of the retinal vasculature, both techniques show the edges of the RPE cells as brighter than the center (see Fig. 11 ). This might suggest that the scattering source is colocalized with the lipofuscin granules.
We sought further validation of the RPE dark-field images by collecting AOSLO reflectance and dark-field images in one patient diagnosed with central serous retinopathy. In this condition, the retina detaches from the RPE at some locations, thus providing a direct view of the RPE mosaic without interference from the photoreceptor layer, when imaging with a confocal AOSLO [21] . Images of the same retinal location show good correspondence between AOSLO dark-field and confocal imaging where the photoreceptor layer is clearly displaced from the RPE (Fig. 12) . 
Discussion
The modification of an AOSLO detection path by blocking the confocal signal and collecting what has been referred to as the indirect or dark-field signal, shows a dramatic attenuation of the light back-scattered by the photoreceptor inner and outer segments, thus revealing the RPE mosaic. It appears that a large proportion of the light that reaches the detector in this configuration has been multiply scattered and reached as deep as the choroid. Furthermore, the good correspondence between SD-OCT and dark-field AOSLO low spatial frequency intensity profiles suggests that the choroid might be critical for the visualization of the RPE using dark-field and that this technique can be also thought of as retro-illumination. The poorer visualization of the RPE mosaic when using 680 nm light when compared with 790 nm, is consistent with the lower retinal and choroidal penetration of shorter wavelengths [23] .
Dark-field imaging with different pinhole diameter and filament thickness, as well as PSF imaging, showed that there are no clear optimal dimensions for the dark-field mask in terms of RPE visualization. Loosely, it appears that the central block should be equal or larger than one Airy disk in diameter and the pinhole larger than 4 Airy disks in diameter. This is consistent with the idea that dark-field imaging requires blocking the reflected or singlescattered light that would be found in the central Airy disk.
Although we have shown that visualizing the RPE mosaic is possible using the proposed technique, identification of individual RPE cells is not always possible. In fact, additional point-like structures, potentially due to residual photoreceptor signal make cell identification very difficult in the rod-dominated areas outside the macula. Two additional experiments (data not shown) were performed in an attempt to further attenuate any potential non-confocal light back-scattered by the photoreceptors. First, we defocused the illumination source, hoping to reduce the coupling of light onto the photoreceptor inner/outer segments, as we intended when using the annular pupil masks mentioned above. Second, a linear polarizer was placed in the pupil plane of the detector plane, and images where collected at 10° temporal to fixation at the orientations that produce dark-field RPE images with maximum intensity, then at 45 and 90° relative to it. Neither approach improved the contrast of the RPE mosaic.
The RPE images recorded with dark-field AOSLO have generally lower contrast than those acquired using autofluorescence collected both in this (Fig. 11) and previous work [15, 16] . Dark-field imaging seems to reveal RPE structure, although further investigation on the nature of the bright dots that form these images is required, before this modality can be adopted for screening and/or diagnosing eye disease. Despite showing poorer contrast than autofluorescence, dark-field RPE imaging is an appealing avenue for studying eye disease at the microscopic scale non-invasively. When compared to AOSLO autofluorescence imaging, dark-field AOSLO imaging requires one less light source and imaging channel [15, 16] , less complex data processing and provides increased patient comfort and light safety with no concerns about potential photochemical damage. It still remains to be studied in healthy and diseased eyes whether these two techniques provide identical or complementary information. Fig. 13 . AOSLO dark-field view from the fovea of volunteer JC_0616, with '*' denoting the point of maximum cone density. The scale bar is 100 μm across.
Conclusions
AOSLO dark-field has been demonstrated for imaging of the RPE cell mosaic non-invasively in human subjects. The implementation of this technique requires minimal modification of existing and future AOSLOs, namely replacing the confocal aperture by a larger one with a central obscuration to block the confocal signal. In this study, due to cost and availability, we implemented a filament of known thickness, although a circular obscuration would have been preferable in terms of signal strength and symmetry.
For reasons not yet fully understood, the images from the foveal center, an area dominated by cone photoreceptors, provide a clearer view of the RPE cell boundaries, with nearly all cells visible in some volunteers, as shown in Fig. 13 . Multiple parameters were explored to try to improve the visualization of the RPE cell boundaries including: pinhole diameter, obscuration filament thickness, illumination and imaging pupil apodization, unmatched imaging and illumination focus, wavelength and polarization. None of these offered a clear benefit and some even lead to poorer RPE visualization.
Dark-field AOSLO could be a useful tool in the study of retinal disease mechanisms. In particular, in macular degeneration, RPE cells often change morphology before widespread degeneration and atrophy [4] . This technique could also be translated into a clinical tool for screening, monitoring progression of disease, and evaluation of therapeutic interventions.
